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Abstract. We attempt to explain simultaneously the Galactic center gamma-ray excess and
the 3.5 keV X-ray line from the Perseus cluster based on a class of non-abelian SU(2) DM
models, in which the dark matter and an excited state comprise a “dark” SU(2) doublet. The
non-abelian group kinetically mixes with the standard model gauge group via dimensions-5
operators. The dark matter particles annihilate into standard model fermions, followed by
fragmentation and bremsstrahlung, and thus producing a continuous spectrum of gamma-
rays. On the other hand, the dark matter particles can annihilate into a pair of excited states,
each of which decays back into the dark matter particle and an X-ray photon, which has an
energy equal to the mass difference between the dark matter and the excited state, which
is set to be 3.5 keV. The large hierarchy between the required X-ray and γ-ray annihilation
cross-sections can be achieved by a very small kinetic mixing between the SM and dark sector,
which effectively suppresses the annihilation into the standard model fermions but not into
the excited state.
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1 Introduction
A gamma-ray excess around a few GeV near the Galactic center (GC) region, seen by the
Fermi-LAT collaboration (see, for instance, the recent analysis by the collaboration [1]), has
been widely discussed based on dark matter (DM) annihilations into standard model (SM)
fermions [2–15], which hadronize into neutral pions followed by pi0 → γγ, or electromagnetic
bremsstrahlung. On the other hand, recent reports of the 3.5 keV X-ray line [16, 17] from
the XMM-Newton data have triggered many studies in the context of DM, for example,
refs. [18–65]. Roughly speaking, they can be classified into two categories: (i) DM undergoes
upscattering into an excited stated followed by the decay back into DM and an X-ray photon;
and (ii) decaying DM matter, such as a 7 keV sterile neutrino decaying into an active neutrino
and the X-ray photon. The excited DM, however, has a advantage of explaining some null
results on X-ray line searches due to a low local DM velocity as shown in ref. [66].
There is a very interesting connection between the γ-ray excess and X-ray line as follows.
The GC γ-ray excess can be explained by annihilating DM with a mass from 10 to 60 GeV [2,
5–8, 10–12], depending on the final state of the annihilation. On the other hand, due to the
fact that the current DM velocity is around 10−3 c in the Perseus cluster, where the X-ray
line is observed, the DM with a mass of 10 to 60 GeV coincidently has a kinetic energy of a
few keV. It implies if there exists an excited state with a 3.5 keV mass splitting from the DM
particle, then the DM particles can annihilate into the excited state, followed by the decay
back into the DM particle with a photon accounting for the observed X-ray line.
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In this work, we employ a class of non-abelian SU(2)X DM models proposed in refs. [18,
67], where the DM particle and the excited state form an SU(2)X doublet with a 3.5 keV
mass splitting. The SU(2)X kinetically mixes with the SM gauge group via dimension-5
operators, through which the SM particles can couple to the SU(2)X currents and the DM
(and the excited state) couples to the SM currents. As mentioned above, the GC γ-ray
excess comes from the DM annihilation into SM fermions accompanied by photon emission
while the X-ray line is realized from the DM annihilation into the excited state followed by
the subsequent decay. Besides, the annihilation into SM fermions, induced by the kinetic
mixing, is suppressed compared to that into the excited state if the kinetic mixing is small.
This suppression naturally explains the hierarchy between the required annihilation cross-
sections for the γ-ray excess (10−26 cm3sec−1) and the X-ray line emission (10−19 cm3sec−1)
as shown below. Note that similar ideas connecting the γ-ray and X-ray excess have been
suggested in refs. [18, 39] with intermediate states (instead of the SM fermion final state)
while an effort connecting the 511 keV line [68] and the GC γ-ray excess turns out to be
negative [69].
This paper is organized as follows. In section 2, we specify the model and divide into
the Majorana and Dirac DM cases. In section 3, we calculate the relevant cross-sections.
In section 4, we discuss the calculations of γ-ray and X-ray flux as well as the DM relic
abundance. In section 5, we present our numerical analysis with separation into the Majorana
and Dirac cases. Finally, we conclude in section 6.
2 Non-abelian dark matter models
For the nonabelian DM model, we employ a “dark” SU(2)X gauge group with kinetic mixing
with the SM gauge groups proposed in refs. [18, 67]. We start with a SU(2)X doublet, which
is comprised of the fields for the DM particle and an excited state. In the following we will
discuss two cases: (i) Majorana DM (χ1) with the Dirac excited state (ψ2) and (ii) Dirac
DM (ψ1) with the Dirac excited state (ψ2).
1 As we shall see later, we have to make use of
the resonance enhancement in order to achieve large annihilation cross-sections, especially
for explaining the X-ray line. The resonance enhancement does not occur if both DM and
the excited state are Majorana with nearly degenerate masses, as shown in appendix A. On
the other hand, the Dirac DM with the Majorana excited state will lead to a large γ-ray flux
but a small X-ray one, in contradiction to the γ-ray and X-ray data Therefore, we will not
discuss these two scenarios in this work. The Lagrangian of the model reads,
L = LSM + LDM1 + LDM2 + Lmix, (2.1)
where LSM is the SM Lagrangian. LDM1,2 correspond to the DM sector, including the
DM doublet and the dark SU(2) gauge bosons, Xa (a = (1, 2, 3)), and dark Higgs
triplets/doublets, which are used to provide masses to χs and Xs:
LDM1 = −
1
4
XµνaXaµν +
(
DXµ ∆1
)†
(DXµ ∆1) +
(
DXµ ∆2
)†
(DXµ ∆2), (2.2)
where DXµ is the covariant derivative of SU(2)X and ∆1,2 are SU(2) triplets, whose vacuum
expectation values (VEVs) provide masses to dark gauge bosons. Note that one can play
with the structure of 〈∆i〉 to give different masses to Xa. For example, with 〈∆2〉 = (0, v, 0)T
in the isospin basis (the first component has the highest isospin IX3 = 1, the second with
IX3 = 0, and so on) X
1,2 are massive but X3 remains massless.
1In this work, we denote Majorana particles by χ and Dirac particles with ψ for particles in the dark sector.
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Field ∆1,2 hD χ χ˜2 X
1,2,3
SU(2)X 3 2 2 1 3
spin 0 0 1/2 1/2 1
Table 1. The particle content and quantum numbers in the dark sector for the Majorana case.
2.1 Majorana DM
In the case of Majorana DM, the LDM2 takes the form
LDM2 = iχ†DXµ σµχ+ iχ˜†2∂µσ¯µχ˜2 +
(
1
2
λ∆ (χ ·∆1 · χ) + λh2 (χ · hD) χ˜2 + h.c.
)
, (2.3)
where the two-component Weyl spinor notation is employed. Here “·” refers to the SU(2)-
invariant multiplication. χ is an SU(2)X doublet, consisting of two Weyl spinors, χ1 and χ2:
χ = (χ2 χ1)
T . In addition, hD is an SU(2)X scalar doublet. χ˜2 is a singlet under SU(2)X ,
which will be paired up with χ2 to form a Dirac fermion. The conversion between Dirac- and
Weyl-spinors for χ1, χ2 and χ˜2 is:
ψ1 =
(
χ1
χ†1
)
,
ψ2 =
(
χ2
χ˜†2
)
. (2.4)
The corresponding X3-current in the Weyl and Dirac-spinor notation is given by
L ⊃ gXX3µJµX = −
gX
2
X3µ χ
†
1σ¯
µχ1 +
gX
2
X3µ χ
†
2σ¯
µχ2
= −gX
2
X3µ ψ¯1γ
µ
(
−γ
5
2
)
ψ1 +
gX
2
X3µ ψ¯2γ
µ
(
1− γ5
2
)
ψ2, (2.5)
where the pre-factors ±1/2 come from the fact that χ2(1) has SU(2)X isospin 1/2 (−1/2).
In order to give a Majorana mass to χ1, one can make use of the lowest isospin (I
X
3 = −1)
component of 〈∆1〉, leaving VEVs of other components vanishing, i.e., 〈∆1〉 = (0, 0, v−1)T in
the isospin basis. The χ1 mass becomes λ∆v−1. Similarly, with the lower isospin (I3 = −1/2)
of 〈hD〉, the Dirac mass of χ2 and χ˜2 becomes λhv−1/2, where v−1/2 is the VEV of the
component of IX3 = −1/2. Moreover, Xa’s masses, at phenomenological level, are considered
independent since as mentioned above one can always use 〈∆2〉 to give a mass to specific
gauge boson(s).
The particle content in the dark sector and the relevant quantum numbers in this model
are summarized in table 1.
We would like to point out that the VEVs of ∆1,2 and hD are used to give a mass to
the particles of interest and induce the kinetic mixing between the SM and the dark sector.
We simply assume that they are very heavy and play no roles in the context of GC gamma
ray excess and the 3.5 keV X-ray line.
2.2 Dirac DM
In the case of Dirac DM, the LDM2 takes the form
LDM2 = iχ†DXµ σµχ+
2∑
i=1
iχ˜†i∂µσ¯
µχ˜i + (λh1 (χ · hD1) χ˜1 + λh2 (χ · hD2) χ˜2 + h.c.) , (2.6)
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Field ∆1,2 hD1,2 χ χ˜1,2 X
1,2,3
SU(2)X 3 2 2 1 3
spin 0 0 1/2 1/2 1
Table 2. The particle content and quantum numbers for the Dirac case.
where 〈hD1〉 = (v1, 0)T (〈hD2〉 = (0, v2)T ) gives a Dirac mass to χ1 and χ˜1 (χ2 and χ˜2). We
list the particle content and quantum numbers in table 2. The conversion between Dirac-
and Weyl-spinors for χ1, χ2 and χ˜2 is:
ψ1 =
(
χ1
χ˜†1
)
,
ψ2 =
(
χ2
χ˜†2
)
, (2.7)
and the corresponding X3-current in the Weyl and Dirac-spinor notation is
L ⊃ gXX3µJµX = −
gX
2
X3µ χ
†
1σ¯
µχ1 +
gX
2
X3µ χ
†
2σ¯
µχ2
= −gX
2
X3µ ψ¯1γ
µ
(
1− γ5
2
)
ψ1 +
gX
2
X3µ ψ¯2γ
µ
(
1− γ5
2
)
ψ2. (2.8)
2.3 Kinetic mixing
Finally, Lmix describes the mixing between the SU(2)X and SM gauge groups [18, 67] via
dimension-5 (dim-5) operators:
Lmix =
2∑
i=1
1
Λi
∆aiX
µν
a Yµν ∼
2∑
i=1
〈∆ai 〉
Λi
Xµνa Yµν , (2.9)
where the corresponding Xa mixes with the SM γ and Z once ∆ai obtains a VEV. In this
work, we choose Lmix to be
Lmix = −sinχ
2
Xµν3 Yµν −
sinχ′
2
Xµν1 Yµν , (2.10)
which implies X1 and X3 mixes with SM neutral gauge bosons at tree level. The reason why
we include X1 in the mixing is to enable the excited state ψ2 to decay into the DM and a
photon to explain the 3.5 keV X-ray line. Moreover, we assume sinχ′  sinχ for simplicity
and neglect the effect of sinχ′ in diagonalizing the gauge boson mass matrix.2 The relevant
Lagrangian, with Lorentz indices suppressed, before and after diagonalizing the mass matrix
of γ, Z and X3 reads
L ⊃ (Af Zf X3f )
 eJEMgJZ
gXJX
 = (Am Zm X3m )R
 eJEMgJZ
gXJX
 , (2.11)
2It is a legitimate assumption as long as the lifetime of the excited state ψ2 is less than 1 sec, thus having
no influence on Big-Bang nucleosynthesis.
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χ2 χ1
χ1(χ2)
X2(X3) X3(X2)
γ
χ2 χ1
γ
X1
f
f¯
Figure 1. χ2 decays into χ1 and a photon through a dim-5 operator, X
µν
1 Yµν .
where e, g and gX are U(1)EM , SU(2)L and SU(2)X gauge couplings, respectively. The
subscript f refers to the flavor states, m denotes the mass and kinetic eigenstates, and Js
are currents.3 R is the rotation matrix connecting the flavor and mass basis of the gauge
bosons [70]:
R =
 1 0 0− cos θw tanχ sin ζ sin θw tanχ sin ζ + cos ζ secχ sin ζ
− cos θw tanχ cos ζ sin θw tanχ cos ζ − sin ζ secχ cos ζ
 , (2.12)
where
tan (2ζ) =
2δX
(
m2X3 −m2W sec2 θw
)(
m2
X3
−m2W sec2 θw
)2 − δ2X ,
δX = −m
2
W sin θw tanχ
cos2 θw
. (2.13)
It is clear that R = 13×3 if sinχ = 0. Note that the photon does not couple to JX at
tree-level but the interaction will be induced at loop-level. From now on, we will suppress
the subscript m in the gauge bosons: A, Z and X3 refer to the mass and kinetic eigenstates,
unless otherwise stated.
3 Relevant annihilation cross-sections
In this section, we calculate the DM annihilation cross-sections into SM fermions and the
excited state ψ2. The first process will give rise to γ-rays via fragmentation of quarks and
final state radiation from leptons, while the second one will yield X-rays when ψ2 decays
back into the DM and a photon via sinχ′Xµν1 Yµν as shown in figure 1.
In this work, we focus on the regime, where mXa > mDM , such that the GC gamma-ray
excess and 3.5 keV X-ray line can be realized through DM annihilations into SM particles
and excited χ2, respectively. As we shall see below, we need a large resonance enhancement
in the annihilation cross-section coming from the X3 narrow width; therefore, to a very good
approximation, we only include X3-exchange processes in the computation.
3To be more precise, JµEM = Qf f¯γ
µf , while JZ =
1
cos θw
f¯γµ
((
I3 − sin2 θwQf
)
PL +
(− sin2 θwQf)PR) f
for a fermion f . PL(R) is the left- (right-)handed projection operator. JX are defined in eq. (2.5) and (2.8)
for the Majorana and Dirac DM, respectively.
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χ1
χ1
SM
SM
X3 γ/Z
χ1
χ1
X3
ψ2
ψ¯2
χ1
γ
Figure 2. χ1χ1 annihilate into SM particles that fragment into photons, which are responsible for
GC gamma rays.
3.1 Majorana DM
For Majorana DM, we have the following relevant annihilation cross-sections: χ1χ1 → f¯f (P -
wave) for γ-ray and the DM density, χ1χ1 → ψ¯2ψ2 (P -wave), ψ¯2ψ2 → f¯f (S-wave) for the
DM density. In order to account for the X-ray line, the mass splitting between mχ1 and
mψ2 is set to be 3.5 keV, which in turn implies that the S-wave ψ¯2ψ2 → f¯f is the dominant
contribution to the DM abundance computation as opposed to the γ-ray excess and X-ray
line, which arise from P -wave processes due to axial-vector interactions of χ1.
For χ1 annihilating into SM fermions f of mass mf via X3, as shown in figure 2, the
relevant interactions are 4
Lχ1χ1→f¯f ⊃ −
1
2
(gX secχ cos ζ)X
3
µχ
†
1σ¯
µχ1 +X
3
µf¯γ
µ (gLPL + gRPR) f, (3.1)
where
gL = −eQf cos θw tanχ cos ζ + (sin θw tanχ cos ζ − sin ζ) g
cos θw
(
I3 − sin2 θwQf
)
,
gR = −eQf cos θw tanχ cos ζ + (sin θw tanχ cos ζ − sin ζ) g
cos θw
(− sin2 θwQf) ,
(3.2)
in which Qf is the fermion electric charge and I3 is the isospin, associated with left-handed
field. The annihilation cross-section times the relative velocity v is,
(σv)χ1χ1→f¯f =
∑
f
(gX secχ cos ζ)
2
√
s− 4m2f
48pim4
X3
s3/2
((
s−m2
X3
)2
+ Γ2
X3
m2
X3
) (λσ1 + λσ2 − λσ3) , (3.3)
where
s =
4m2χ1
1− v2/4 ,
λσ1 = s
2
(
m4X3
(
g2L + g
2
R
)
+ 6m2χ1m
2
f (gL − gR)2
)
,
λσ2 = 2m
4
X3m
2
χ1m
2
f
(
5g2L − 18gLgR + 5g2R
)
,
λσ3 = sm
2
X3
(
4m2χ1
(
m2X3
(
g2L + g
2
R
)
+ 3m2f (gL − gR)2
)
+m2X3m
2
f
(
g2L − 6gLgR + g2R
))
.
Note that one has to sum over all different final states as denoted by
∑
f . To simplify the
expression, we employ the resonant limit of mχ1 =
1
2mX3 on the matrix element while keeping
4Again, we use the Weyl spinor notation for Majorana χ1.
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the kinetic part intact.5 The annihilation cross-section reads, up to the second order in v2,
(σv)χ1χ1→f¯f '
∑
f
(gX secχ cos ζ)
2
√
s− 4m2f
96pi
((
s−m2
X3
)2
+ Γ2
X3
m2
X3
)mχ1 (g1v2 + g2v4) , (3.4)
with
g1 =
(
g2L + g
2
R
)− m2f (g2L − 6gLgR + g2R)
4m2χ1
,
g2 =
1
8
((
g2L + g
2
R
)
+
m2f
(
g2L − 3gLgR + g2R
)
m2χ1
)
.
Similarly, for ψ¯2ψ2 → f¯f , which is relevant for the relic abundance computation, we have,
up to the first order in v2,
(σv)ψ¯2ψ2→f¯f '
∑
f
(gX secχ cos ζ)
2
√
s− 4m2f
64pi
((
s−m2
X3
)2
+ Γ2
X3
m2
X3
)mψ2 (h1 + h2v2) , (3.5)
with
s =
4m2ψ2
1− v2/4 ,
h1 =
(
g2L + g
2
R
)− m2f (g2L − 6gLgR + g2R)
4m2ψ2
,
h2 =
5
24
(
g2L + g
2
R
)
+
m2f
(
g2L − 6gLgR + g2R
)
96m2ψ2
.
In addition, the X3 decay width ΓX3 is given by, including the channels into χ1, ψ2 and
SM fermions,
ΓX3 = ΓX3→χ1χ1 + ΓX3→ψ¯2ψ2 +
∑
f
ΓX3→f¯f , (3.6)
where
ΓX3→χ1χ1 = Θ (mX3 − 2mχ1) (gX secχ cos ζ)2
(
m2X3 − 4m2χ1
)3/2
96pim2
X3
,
ΓX3→ψ¯2ψ2 = Θ (mX3 − 2mψ2) (gX secχ cos ζ)2
(
m2X3 −m2ψ2
)(
m2X3 − 4m2ψ2
)1/2
96pim2
X3
,
ΓX3→f¯f = Θ (mX3 − 2mf )
√
m2
X3
− 4m2f
m2X3
(
g2L + g
2
R
)−m2f (g2L − 6gLgR + g2R)
24pim2
X3
.
(3.7)
5We apply this simplification to annihilation cross-sections below as well.
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χ1
χ1
SM
SM
X3 γ/Z
χ1
χ1
X3
ψ2
ψ¯2
χ1
γ
Figure 3. χ1χ1 annihilation into ψ¯2ψ2 responsible for the X-ray line.
On the other hand, χ1χ1 → ψ¯2ψ2 with subsequent decay of ψ2 (or ψ¯2) into χ1 and γ
explaining the 3.5 keV X-ray line, as shown in figure 3, has the cross-section
(σv)χ1χ1→ψ¯2ψ2 =
(gX secχ cos ζ)
4
√
s− 4m2ψ2
192pim4
X3
s3/2
((
s−m2
X3
)2
+ Γ2
X3
m2
X3
) (κσ1 + κσ2) , (3.8)
where
κσ1 = 6s
2m2χ1m
2
ψ2 − 12 sm2X3m2χ1m2ψ2 ,
κσ2 = m
4
X3
(
2m2χ1
(
5m2ψ2 − 2 s
)
+ s
(
s−m2ψ2
))
.
(3.9)
For mχ1 ' mψ2 , we have to a very good approximation, up to the second order in v2:
(σv)χ1χ1→ψ¯2ψ2 '
(gX secχ cos ζ)
4
√
s− 4m2ψ2
1536pi
((
s−m2
X3
)2
+ Γ2
X3
m2
X3
)mχ1 (v2 (3 + v2)) . (3.10)
3.2 Dirac DM
For Dirac DM, the distinctive feature compared to the Majorana case is that all relevant
processes are S-wave dominated due to the vector interactions of ψ1. The annihilation cross-
section of ψ¯1ψ1 → f¯f is, up to the first order in v2,
(σv)ψ¯1ψ1→f¯f '
∑
f
(gX secχ cos ζ)
2
√
s− 4m2f
64pi
((
s−m2
X3
)2
+ Γ2
X3
m2
X3
)mψ1 (ω1 + ω2v2) , (3.11)
with
s =
4m2ψ1
1− v2/4 ,
ω1 =
(
g2L + g
2
R
)− m2f (g2L − 6gLgR + g2R)
4m2ψ1
,
ω2 =
5
24
(
g2L + g
2
R
)
+
m2f
(
g2L − 6gLgR + g2R
)
96m2ψ1
.
and for ψ¯1ψ1 → ψ¯2ψ2 we have
(σv)ψ¯1ψ1→ψ¯2ψ2 '
(gX secχ cos ζ)
4
√
s− 4m2ψ2
393216pi
((
s−m2
X3
)2
+ Γ2
X3
m2
X3
)mψ1 (1152 + 336v2 + 83v4) . (3.12)
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Note that the X3 partial decay width into ψ¯1ψ1 becomes
ΓX3→ψ¯1ψ1 = Θ (mX3 − 2mψ1) (gX secχ cos ζ)2
(
m2X3 −m2ψ1
)(
m2X3 − 4m2ψ1
)1/2
96pim2
X3
(3.13)
Furthermore, the Dirac DM ψ1 will have sizable DM-nucleon interactions in the context
of direct detections. The effective DM-quark interaction reads,
L ⊃ −(gX secχ cos ζ) (gL + gR)
8m4
X3
ψ¯1γ
µψ1f¯γµf, (3.14)
where gL and gR are defined in eq. (3.2).
4 Observables
Based on the DM annihilation cross-sections into the excited state and SM fermions, we now
describe how to compute the flux of X-rays and γ-rays, and will comment on the DM relic
density computation.
4.1 X-ray
Recently, a potential signal of a monochromatic photon line from the Perseus cluster at
energy around 3.56 keV has been identified from the XMM-Newton data [16, 17]. The flux
of such a monochromatic photon line at the X-ray energy Eγ = 3.56 keV is measured to be
Φγγ = 5.2
+3.70
−2.13 × 10−5 ph cm−2s−1 [17]. Although the source of this X-ray line signal is
still unclear, the DM annihilation (or decay) into photons is a well motivated possibility [18–
36, 38–65]. Considering the Perseus Mass ' 1.49 × 1014M and the distance between the
Perseus cluster and the solar system ' 78 Mpc, the photon-line flux from DM annihilation
can be written as
Φγγ
cm−2s−1
= 2.08× 10−3 ×
[
1 GeV
mDM
]2
× D〈σv〉γγ
10−19cm3s−1
, (4.1)
where D is 1 for Majorana DM and 1/2 for Dirac DM. The monochromatic annihilation
cross section 〈σv〉γγ is the relative velocity averaged with all the DM inside the Perseus
cluster. Here, we adopt the relative velocity vrel. described by the Maxwell-Boltzmann dis-
tribution [71],
f(vrel.) =
v2rel.
2
√
piv30
exp
[−v2rel.
4v20
]
, (4.2)
where we take the mean value of the velocity dispersion v0 ∼ 10−3 c [71]. One can see that a
DM mass mDM ∼ 10 GeV requires 〈σv〉γγ ∼ 2.5× 10−19cm3s−1 in order to explain the X-ray
signal from the Perseus cluster.
It is worthy to mention that the information of Perseus mass, which is constrained by
the velocity dispersion, can substantially reduce the uncertainties arising from halo inner
slope. In ref. [39], an overall uncertainty about a factor of 5 was obtained for the DM flux
predicted in eq. (4.1).
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4.2 GC γ-ray
A gamma-ray excess in the GC region, found in the Fermi-LAT data, has been widely studied
in the context of DM annihilation [2–7, 10–12]. Assuming spherical symmetry, the spatial
distribution of such an excess can be explained by DM annihilation in the generalized Navarro-
Frenk-White (gNFW, [72, 73]) profile,
ρ(r) = ρs
(r/rs)
−γ
(1 + r/rs)3−γ
. (4.3)
To explain the gamma-ray excess, the inner slope γ parameter requires γ = 1.2 [11, 74]. In
this work, we adopt this value together with the local density ρ(8.5 kpc) = 0.4 GeV/cm3 and
rs = 20 kpc.
The differential diffuse gamma-ray flux along a line-of-sight (l.o.s.) at an open angle
relative to the direction of the GC is given by
dN
dE
=
〈σv〉γ
Dpim2χ
dNγ
dE
∫
l.o.s.
ds ρ2(r(s, ψ)) , (4.4)
where D is 8 for Majorana DM but 16 for Dirac one. The 〈σv〉γ is the velocity averaged
annihilation cross section at the GC. However, the mean value of the velocity dispersion v0
in eq. (4.2) is ∼ 10−4 c at the GC region [71, 75].
The
dNγ
dE is the photon energy distribution per annihilation. All possible annihilation
channels are included. The branching ratio of all the possible annihilation channels can be
obtained by using eq. (3.4) and (3.11). For each annihilation channel, the corresponding
dNγ
dE
is taken from the numerical PPPC4 table [76].
One has to bear in mind that the background uncertainties for the GC gamma ray
excess can significantly change the DM parameter space. Therefore, in order to include
the background uncertainties, we use the central values and error bars in figure 17 from
ref. [77], where the systematic uncertainties coming from the Galactic diffuse emission have
been properly included. Following ref. [77], the inner Galactic central region described by
the Galactic longitude l and latitude b is
|`| ≤ 20◦ and 2◦ ≤ |b| ≤ 20◦ . (4.5)
We conclude this section with figure 4 where the data on γ-ray spectrum is taken from
ref. [77] and the photon spectra are calculated using our best-fit points in both the Majo-
rana (solid red line) and Dirac cases (dashed blue line), for which we include the γ-ray and
X-ray data into fitting. One can see the GC γ-ray excess, a distinctive bump around a few
GeV, can be well explained by DM annihilations into the SM fermions, which then fragment
into photons. The continuous photon spectrum mainly comes from the decay of neutral pi-
ons, which are originated from the fragmentation of the quarks in the annihilation of the dark
matter. In addition, the quarks can also fragment into charged pions, which subsequently
decay into muons and eventually electrons. The dark matter can also directly annihilate
into taus, muons, and electrons. The taus and muons will eventually decay into electrons.
Although all these electrons undergo the inverse Compton scattering and bremsstrahlung,
which can only give rise to photons at the lower photon energy, it does not effect the re-
gion of Eγ > 1 GeV [78]. As a result, we do not consider inverse Compton scattering and
bremsstrahlung in this study.
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Figure 4. GC γ-ray excess spectrum taken from ref. [77]. We also show the corresponding photon
spectra obtained for the Majorana (solid red line) and Dirac (dashed blue line) case.
4.3 DM relic abundance
The DM relic density can be obtained by solving the Boltzmann equation for the DM den-
sity evolution with the thermally-averaged annihilation cross-section into SM fermions. In
this work, we assume that the thermal relic scenario such that the current relic density is
determined by the DM annihilation and coannihilation of the excited state, and the number
densities of these particles follow the Boltzmann distribution before freeze-out. Note that,
in the context of the relic density calculation, one cannot simply assume v  1, that is
only valid in the X-ray and γ-ray flux computation. Instead, one has to properly take into
account the thermal average effect. Following ref. [79], we compute the thermal relic density
from the thermally averaged annihilation cross-section based on eqs. (3.3), (3.5) and (3.11).
However, the effective relativistic degrees of freedom are taken from the default numerical
table of DarkSUSY [80]. Also, we use the PLANCK result of Ωh2 = 0.120 [81] together with
the 10% theoretical error to constrain the relic density.
A comment on the DM density computation is in order here. Due to a small mass
splitting of 3.5 keV between the DM particle and excited state to account for the X-ray
line, coannihilation processes involving the excited state have to be taken into account. As
mentioned above, we focus on the scenario with the resonance enhancement via the X3
exchange. As a result, the only relevant interactions are the DM annihilation and excited
state annihilation into SM fermions. For the Majorana DM case, the dominant contribution
to relic abundance comes from the excited state annihilation, ψ2ψ¯2 → f¯f , which is dominated
by S-wave due to the Dirac nature of ψ2, while χ1χ1 → f¯f is P -wave suppressed because of χ1
being Majorana. Furthermore, the large resonance enhancement in the process χ1χ1 → f¯f
required to explain the X-ray line at current time (v ∼ 10−3c) is no longer the case at
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Majorana DM 〈σv〉χ1χ1→f¯f 〈σv〉ψ¯2ψ2→f¯f 〈σv〉χ1χ1→ψ¯2ψ2
freeze-out 10−31 10−26 10−24
current 10−26 (GC γ-ray) 0 10−19 (X-ray)
Dirac DM 〈σv〉ψ¯1ψ1→f¯f 〈σv〉ψ¯2ψ2→f¯f 〈σv〉ψ¯1ψ1→ψ¯2ψ2
freeze-out 10−31 10−31 10−24
current 10−26 (GC γ-ray) 0 10−19 (X-ray)
Table 3. Relevant cross-sections in orders of magnitude in units of cm−3sec−1 at the freeze-out and
at the current time. 〈σv〉χ1χ1→ψ¯2ψ2 and 〈σv〉ψ¯1ψ1→ψ¯2ψ2 at freeze-out are not relevant for DM relic
density computation.
the time of freeze-out, because during the freeze-out the relative velocity is much larger of
order ∼ 13 c such that the annihilation deviates considerably away from the resonance region.
Therefore, 〈σv〉(χ1χ1 → f¯f) at freeze-out is much smaller than the current annihilation
cross-section 10−26 cm3sec−1, which is the right size to accommodate the GC γ-ray excess.6
Hence, χ1χ1 → f¯f alone cannot give rise to the correct relic density, which roughly requires
an annihilation cross section of 3×10−26 cm3sec−1. For the Majorana DM case, this problem
can be circumvented by the S-wave process ψ2ψ¯2 → f¯f , which can give an annihilation cross
section of order 10−26 cm3sec−1 to explain the relic abundance.
In the Dirac DM case, however, both ψ1 and ψ2 are Dirac particles and all processes
are S-wave dominated. In the context of the DM density, annihilations of ψ1 and those of
ψ2 contribute almost equally due to the nearly degenerate mass spectrum. However, the
annihilation cross sections of both processes are much smaller than 10−26 cm3sec−1 at freeze-
out due to the deviation from the resonance region as explained above. Therefore, one has to
involve an additional DM annihilation mechanism to reduce the relic abundance. A possible
solution, for instance, is to embed (χ2, χ1)
T into a larger multiplet such as (χ4, χ2, χ1, χ3)
T
such that coannihilations between χ1 and χ3 via X
1,2 is possible to bring down the relic
density. As long as the mass difference between mχ3 and mχ1 is much larger than 3.5 keV,
χ3 cannot be generated currently and thus the existence of χ3 is irrelevant to the X-ray line
and γ-ray excess.
We summarize the discussion here with table 3, where we show the cross-sections in
orders of magnitude at the time of freeze-out and the current time. It is clear that only
Majorana DM can accommodate the correct relic density due to the dominant contribution
from the S-wave process ψ¯2ψ2 → f¯f .
5 Results
In order to employ the resonance enhancement, we rewrite mX3 = (2− δ)mDM with mDM =
mχ1 (mψ1) in the Majorana (Dirac) DM case. Therefore, at phenomenological level we choose
mχ1 , gX , δ and sinχ as 4 independent input parameters to investigate if the proposed non-
abelian DM models can simultaneously account for the GC γ-ray excess and the 3.5 keV
X-ray line, and thermally reproduce the correct relic abundance.
6One might think that S-wave dominated interactions will have the same cross-section at freeze-out as the
current one while P -wave dominated ones have the larger cross-section at freeze-out due to the larger DM
velocity (∼ 1
3
c) compared to the current velocity (∼ 10−3 c). However, it is not always true, especially when
the resonance enhancement takes place as we shall see later.
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Before moving into the numerical analysis, we would like to comment on the region of
interest for sinχ. For illustration, we choose the Majorana DM case but the Dirac DM case
exhibits the same feature. As mentioned above, we aim for 〈σv〉χ1χ1→ψ¯2ψ2 ∼ 10−19 cm3 sec−1
to explain the 3.5 keV X-ray line and 〈σv〉χ1χ1→f¯f ∼ 10−26 cm3 sec−1 to realize the GC γ-ray
excess. On the other hand, we have from eq. (3.4) and (3.10) in the limit of mX3 ' 2mχ1 ,
v  1 and mf ' 0,
(σv)χ1χ1→f¯f ∼
√
s((
s−m2
X3
)2
+ Γ2
X3
m2
X3
) (g2L + g2R) v2 ∼ √sm4v4vrel + 4m2χ1Γ2X3 sin2 χ v2,
(σv)χ1χ1→ψ¯2ψ2 ∼
√
s− 4m2ψ2((
s−m2
X3
)2
+ Γ2
X3
m2
X3
)v2 ∼
√
s− 4m2ψ2
m4v4vrel + 4m
2
χ1Γ
2
X3
v2, (5.1)
where we have suppressed the kinematics factors and the coupling constant gX , which do
not affect the argument. It is clear that in order to achieve 〈σv〉X-ray/〈σv〉γ ∼ 107, one
must have sin2 χ smaller than 10−7. It implies that in the denominator of the cross-section,
Γ2X3m
2
χ1 ∼
(
1
16pi2
)2
m4χ1 sin
4 χ becomes negligible compared to m4χ1v
4 with v ∼ 10−3 c. In
other words, we saturate the resonance enhancement since the DM velocity becomes dominant
in the denominator and any further decrease in sinχ will not affect the cross-section. In
figure 5, we can clearly see that for both the Majorana and Dirac case, sinχ is located in the
saturated area, i.e., sinχ v. Furthermore, the reasons why the required mixing is so small,
sin2 χ  10−7, are because first, 〈σv〉χ1χ1→ψ¯2ψ2 has a large kinematical suppression factor,√
s− 4m2ψ2 , compared to 〈σv〉χ1χ1→f¯f and second, the v for X-rays in the Perseus cluster is
larger than the v for γ-rays in the GC. Subsequently, 〈σv〉χ1χ1→ψ¯2ψ2 is much smaller than
〈σv〉χ1χ1→f¯f with sinχ ∼ 1. It indicates that one actually needs sin2 χ  10−7 in order to
fulfill 〈σv〉X-ray/〈σv〉γ ∼ 107.
For the fitting procedure, we make use of the minimum chi-squared method. Since the
likelihoods for the relic density, X-ray line, and GC γ-rays data are well Gaussian-distributed,
and the 95% and 99.73% confidence limits in two-dimensional contour plots correspond to
δχ2 = 5.99 and δχ2 = 11.83, respectively.
5.1 Majorana case
In this section, we present the results in the Majorana DM case with the Majorana DM χ1
and the Dirac excited state ψ2. Throughout this (and also next) section, the way we present
the results is to project confidence regions into planes of parameters or observables.7 In the
figures, inside the legend: “GC+Perseus” means that the confidence regions are obtained
from the fit with only the GC γ-ray and X-ray data, while “GC+Perseus+Ωh2” indicates
that the DM relic density is also included in the fitting in addition to the γ- and X-ray data.
In figure 6, we show the confidence regions in terms of the DM annihilation cross-section
for the X-ray and γ-ray versus the DM mass. In the upper panels, we include the GC γ-
ray excess and X-ray line only while the DM density is also included in the lower panels.
The green (blue) area corresponds to the 95% (99.73%) confidence region while the red star
represents the best-fit point. Furthermore, the unitarity bound [82] denoted by the red line
7In figure 6, for instance, we project the confidence region into the 〈σv〉X-ray-mχ1 (left panels) and 〈σv〉γ-
mχ1 (right panels) plane.
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Figure 5. Left panel: the Majorana case. Right panel: the Dirac case. The grey band represents
the 95% confidence region for the γ-rays and X-rays data.
comes from
〈σv〉 . 3× 10
−22 cm3/sec
mχ1/ (1 TeV)
. (5.2)
We would like to make the following comments.
• The corresponding X-ray cross-section (left panels) is centered around 10−18 cm3/sec
consistent with eq. (4.1) while for γ-rays (right panels), one needs 〈σv〉 ∼ 10−26 cm3/sec
complying with ref. [77].
• The γ-ray spectrum coming from χ1χ1 → f¯f certainly depends on the final states.
In this model, the final states include both quarks and leptons, and the final state
composition is fixed according to eq. (3.1) and (3.2). In general, a quark final state
demands a higher DM mass due to soft photon spectra compared to a leptonic one.
Therefore, mχ1 will lie between that of the purely b-quark case and that of purely
τ case.
• For X-ray plots (left panels), there exists a sharp cut-off close to the best-fit point on
the top of the confidence regions. It is due to the perturbative limit: gX ≤ 4pi as we
shall see later the best-fit point has gX quite close to 4pi. In contrast, the best-fit points
for γ-ray plots (right panels) are located near the central area of the confidence region,
which comes from the fact the 〈σv〉γ can be enlarged by increasing the mixing sinχ
between the SM and dark sector without varying gX as shown in figure 5 while 〈σv〉X-ray
is insensitive to sinχ in the saturated area.
• All plots exhibit a sharp cut-off on 2σ regions especially on the left-hand side. It is due
to the fact that GC γ-ray bump shown in figure 4 has a sharp drop around 0.5 GeV
compared to the milder change on the right hand side around 20 GeV. Consequently,
the bump of the predicted photon spectrum will not coincide with that of the GC excess,
leading to a surge in chi-square, once mχ1 becomes much smaller than the best-fit value.
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Figure 6. The 95% and 99.73% confidence-level regions in the plane of annihilation cross sections
versus the DM mass obtained in the fits with (i) GC gamma-ray and Perseus X-ray data (upper
panels) and (ii) also the DM relic density (lower panels) for the Majorana DM case. We show on the
left panels: 〈σv〉X−ray versus mχ1 for X-rays, and on the right panels: 〈σv〉γ versus mχ1 for γ-rays.
• As explained in section 4.3, the Majorana DM case can accommodate the correct DM
density with the S-wave process ψ2ψ2 → f¯f being the main contribution. Including
the DM relic constraint reduces the confidence region significantly; only in the region
of 25 . mχ1 . 40 GeV can the model yield the correct DM density.
In figure 7, we show gX versus mχ1 in the upper panels and sinχ versus mχ1 in the
lower panels. For the left panels, only the γ-ray and X-ray data are included in the fits while
the DM density is also included in the right panels. Note that both χ1χ1 → f¯f responsible
for the GC γ-ray excess and χ1χ1 → ψ¯2ψ2 for the X-ray line are P-wave suppressed by the
small DM velocity in the current Universe. To compensate for the velocity suppression, one
needs large gX in addition to the resonance enhancement to realize the very large 〈σv〉, which
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Figure 7. The 95% and 99.73% confidence-level regions in the planes of (mχ1 , gX) (upper panels)
and (mχ1 , sinχ) (lower panels) obtained in the fits with (i) GC gamma-ray and Perseus X-ray data
(left panels) and (ii) also the DM relic density (right panels) for the Majorana DM case.
is proportional to g4X , for the X-ray line. It turns out that gX is close to the perturbativity
limit 4pi for the best-fit point. In contrast, as we shall see later, the Dirac case features
S-wave dominated cross-sections, i.e., without the velocity suppression, where gX can be
much smaller (∼ 1). The mixing between the SM and the dark sector is roughly of order
10−7 but with a dip for mχ1 =
1
2mZ . It comes from large ζ defined in eq. (2.13) for mX3 (=
2mχ1) ' mZ , leading to large gL,R (∼ sin ζ) defined in eq. (3.2) and large 〈σv〉γ . On the other
hand, 〈σv〉X-ray (∼ cos ζ) does not change dramatically for mχ1 = 12mZ . So as to maintain
〈σv〉X-ray/〈σv〉γ ∼ 107, smaller sinχ is needed to suppress the γ-ray flux with respect to the
X-ray one. Note that when mX3 ∼ mZ , the electroweak precision data put a stringent bound
on the SM-dark sector mixing, sinχ . 5× 10−3 [83], which is however too weak to constrain
any relevant parameter space of the model under consideration.
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Figure 8. The 95% and 99.73% confidence-level regions in the plane of Ωh2 versus mχ1 obtained
in the fits with γ-ray and X-ray data only in the Majorana DM case. The horizontal band in pink
indicates 1-σ range (including the theoretical error) of PLANCK measurement on the relic abundance.
We conclude this section with figure 8, in which we project the confidence regions,
including the X-ray and γ-ray data only, into the DM relic density and mχ1 plane. It is clear
that only for 25 ≤ mχ1 ≤ 40 GeV, the correct DM density can be reproduced. Furthermore,
the best-fit point corresponds to the slightly lower relic density, which results in a minor shift
in the best-fit point when the DM relic density is included into the fit, as can be seen from
figure 6 and 7.
5.2 Dirac case
Here we show the results of the Dirac DM case. As argued in section 4.3, all relevant processes
responsible for the X-ray line, GC γ-ray excess and DM relic density are S-wave dominated.
Moreover, the large cross-section needed to account for the X-ray line requires the large
resonance enhancement with the help of the very small X3 decay width. The large DM
velocity (∼ 13 c) at freeze-out implies a considerable deviation from the resonance when DM
decouples from the thermal universe. In order to achieve 〈σv〉γ ∼ 10−26 cm3sec−1 at current
time, the cross-section of ψ¯1ψ1 → f¯f at freeze-out will be much smaller than 3 × 10−26
cm3sec−1, the size required to reproduce the DM density. Therefore, we do not include the
DM relic density constraint into the fits here. Notice that we have to take into account
the stringent bounds on the spin-independent DM-nucleon cross-section [84] due to vector-
current interactions, but it hardly has any impact on the analysis since sinχ of interest is
extremely small, leading to a large suppression on the DM-nucleon cross-section.
In figure 9, we show 〈σv〉 versus mψ1 for X-rays (left panel) and γ-rays (right panel).
Unlike the Majorana case in figure 6, the best-fit point in 〈σv〉X-ray is near the central area
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Figure 9. The 95% and 99.73% confidence-level regions in the plane of annihilation cross sections
versus the DM mass obtained in the fits with GC gamma-ray and Perseus X-ray data only. for the
Dirac DM case. Left panel: 〈σv〉X−ray versus mψ1 for X-rays; right panel: 〈σv〉γ versus mψ1 for
γ-rays.
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Figure 10. The 95% and 99.73% confidence-level regions in the planes of (mχ1 , gX) (left panel),
(mχ1 , sinχ) (middle), and (mχ1 , δ) (right) obtained in the fits with GC gamma-ray and Perseus
X-ray data only in the Dirac DM case.
of the confidence region since gX is much smaller than that of the Majorana case. The steep
shrink on the 2σ confidence region, which is observed at the Majorana case as well, around
mψ1 ≈ 29 GeV is again due to the sharp change on the GC γ-ray spectrum around 0.5 GeV
shown in figure 4.
In figure 10, we show gX , sinχ and δ versus mψ1 , respectively. All processes of interest
are S-wave dominated without the DM velocity suppression. It implies that the resonance
enhancement from the narrow X3 decay width alone is sufficient to achieve the large 〈σv〉X-ray
without resorting to large gX . Therefore, gX is of O(0.6) in this case, compared to gX ∼ 10
for Majorana χ1. Similar to the Majorana DM case explained above, around mψ1 (' mX3) ≈
1
2mZ , ζ defined in eq. (2.13) becomes large, resulting in large gL,R (∼ sin ζ) and 〈σv〉γ . It is
then offset by the decrease in sinχ as shown in the left panel of figure 10. At the same time,
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DM type Majorana Dirac
constraints GC+Perseus GC+Perseus+ΩDMh
2 GC+Perseus
DM mass (GeV) 39.01 32.32 28.6
sinχ 2.2× 10−7 2.9× 10−7 8.0× 10−9
gX 12.56 12.43 0.61
δ 1.6× 10−10 1.46× 10−10 5.53× 10−8
χ2(GC)/p-value 17.29/63.4% 16.32/70% 15.53/74.5%
χ2(Perseus)/p-value 3.36/33.9% 5.75/12.4% 0.023/99.99%
χ2(ΩDMh
2)/p-value 20.40/0.01% 0.06/99.62% 100.0/0%
99.73% confidence region
mχ1/mψ1 ( GeV) [25.36, 57.90] [24.38, 39.55] [16.80, 56.11]
sinχ [4.1× 10−9, 1.4× 10−6] [2.07× 10−7, 3.86× 10−7] [1.45× 10−10, 1.39× 10−8]
gX [9.48, 4pi] [9.71, 4pi] [0.30, 1.48]
δ [10−10, 1.29× 10−7] [10−10, 3.59× 10−9] [8.3× 10−11, 1.09× 10−6]
Table 4. Best fit points of the Majorana and Dirac DM cases with two sets of constraints:
GC+Perseus and GC+Perseus+ΩDMh
2. The best-fit point for the Dirac DM case are the same
for two sets of constraints. The p-values are computed based on the degrees of freedom, 3 for Perseus
and ΩDMh
2 and 20 for GC.
from eq. (3.11), large ζ implies that 〈σv〉X-ray (∼ (gX cos ζ)4) becomes smaller. So gX has to
increase to achieve 〈σv〉X-ray ∼ 10−19 cm3sec−1 for the X-ray line, as seen from the middle
panel. In addition, larger gX implies larger 〈σv〉γ , which can be reduced by larger δ (and a
larger deviation away from the resonance region) as in the right-panel.8 Note that for the
Majorana case, we do not spot this behavior for gX and δ since gX is constrained to be less
than 4pi.
To summarize, we present in table 4 the chi-squares (χ2) and p-values for the best-fit
points, and also the 3σ confidence regions for both the Majorana and Dirac DM cases. We
would like to emphasize again that first, both cases can explain the γ-ray and X-ray data
but only the Majorana DM can reproduce the correct DM density. Second, the best-fit point
shifts toward the lower mχ1 region when including the DM relic density into the fits. Finally,
gX is close to 4pi in the Majorana case because of P -wave velocity suppression as opposed to
the Dirac case where gX is of O(0.6).
6 Conclusions
In this work, we have attempted to explain simultaneously the GC γ-ray excess and the 3.5
keV X-ray line, as well as fulfilling the DM relic abundance in the context of non-abelian DM
models, and we have success in the case of Majorana DM with a Dirac excited state. We
employed a “dark” SU(2)X gauge group with a SU(2)X doublet consisting of the DM particle
and the excited state with a mass-splitting of 3.5 keV. The SU(2)X sector talks to the SM
gauge groups via kinetic mixing, characterized by sinχ. We have studied two cases: Majorana
DM (χ1) and Dirac DM (ψ1), and both with the Dirac excited state ψ2. The X-ray line results
from χ1χ1 (ψ¯1ψ1) → ψ¯2ψ2, followed by the decay of ψ2 back to the DM and a photon. On
the other hand, DM annihilations into SM fermions, which then emit photons, can explain
the GC γ-ray excess but this process is suppressed by the aforementioned SU(2)X -SM kinetic
mixing. In order to account for the γ- and X-ray data, one would need 〈σv〉X-ray ∼ 10−19 and
〈σv〉γ ∼ 10−26 cm3sec−1. We employ the resonance enhancement to fulfill the large 〈σv〉X-ray.
Additionally, the large hierarchy between two cross-sections 〈σv〉X-ray/〈σv〉γ (∼ 107) can be
realized if the kinetic mixing is very small (sinχ . 10−7).
8Again, 〈σv〉X-ray is insensitive to the δ change in the saturated area as shown in figure 5.
– 19 –
J
C
A
P05(2015)053
For the Majorana DM case, both the γ-ray and X-ray excess can be accommodated
really well. However, all χ1-involved processes are P -wave suppressed due to the Majorana
nature. As a result, the SU(2)X gauge coupling gX is driven close to the perturbativity limit
4pi to counterbalance the velocity suppression. Regarding the DM relic density, the relatively
large DM velocity (∼ 13 c) at freeze-out compared to the current one (∼ 10−3 c) implies a
large deviation from the resonance region. Therefore, the cross-section of χ1χ1 → f¯f at
freeze-out is much smaller than the current value 10−26 cm3sec−1 demanded to explain the
GC γ-ray excess, as well as much smaller than 3 × 10−26 cm3sec−1, the size of the cross
section to achieve the correct relic density. The solution comes from the S-wave dominated
process ψ¯2ψ2 → f¯f , which should be included as an coannihilation process at the freeze-out
in light of the tiny mass splitting between χ1 and ψ2. The coannihilation can reach a level
of 3 × 10−26 cm3sec−1 for certain mψ2 to reproduce the correct relic density. The allowed
mχ1 (also mψ2) ranges from 25 to 40 GeV. This coannihilation cross section is much larger
than the cross section of the P -wave process χ1χ1 → f¯f .
In the Dirac DM case, the model can explain both γ- and X-ray data for 16 . mψ1 .
56 GeV, with much smaller gX (∼ 0.6) compared to the Majorana DM case, since all processes
involved are S-wave dominated without the velocity suppression. Nevertheless, it cannot yield
the proper DM relic density because both ψ1 and ψ2 annihilations into SM fermions are of
the same order at freeze-out and both annihilations are away from the resonance region due
to the large DM velocity. As a consequence, they are much smaller than 10−26 cm3sec−1,
the current value for ψ¯1ψ1 → f¯f , associated with the GC γ-ray. An additional mechanism
has to be introduced to increase the annihilation cross-section and lower the relic density. In
addition, the direct search bounds hardly constrain our model since the SU(2)X -SM mixing
sinχ is very small such that the DM-nucleon cross-section is negligible.
It is worthwhile to mention that recent studies [85–87], based on the AMS-02 electron
and positron data [88, 89], infer stringent bounds on low-mass DM annihilation into leptons
and also quarks. In these works, the background with broken power-laws in energy fits the
data very well, leading to strong constraints on the DM component. It might be arguable
that the broken power-law background is driven by the AMS02 data and somehow different
from the conventional background. Hence, we take a more conservative point of view that as
long as predicted DM signals do not exceed the AMS-02 data. In this sense, such approach
is not able to constrain our model.
Finally, we would like to comment that we have taken a phenomenological approach,
without justifying the smallness of the mass splitting between the DM and the excited state,
as well as and the tiny kinetic mixing. Both are basically determined based on the γ- and
X-ray data. Besides, as shown in table 4 for the 99.73% confidence region, the resonance
condition of mX3 ' 2mχ1 has to be precisely satisfied up to one part in 109 or 106 for the
Majorana or Dirac case respectively, where δ is driven to 10−9 for the strong enhancement on
the (co-)annihilation cross-section of the excited state to achieve the correct density in the
Majorana case. This fine-tuning results from the hierarchical annihilations required to explain
the X-ray line and GC γ-ray excess and it could arise from an underlying flavor symmetry,
aligned with the gauge symmetry such that the resonance is not perturbed by large gauge
couplings. The concrete model building is, however, beyond the scope of this work.
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Figure 11. The cross-section for the purely Majorana case (blue) and Dirac case (red). We assume
a 3.5 keV mass splitting between DM and the excited state, ΓX =
mX
10 = 10 GeV and v ∼ 3× 10−3 c.
Acknowledgments
We would like to thank Andrew Frey for useful discussions. W. C. Huang is grateful for the
hospitality of CERN theory group and AHEP group in IFIC, where part of this work was
performed. This work is partially supported by the London Centre for Terauniverse Studies
(LCTS), using funding from the European Research Council via the Advanced Investigator
Grant 267352, and in part by the MoST of Taiwan under Grant No. NSC 102-2112-M-007-
015-MY3. Y. Tsai was supported by World Premier International Research Center Initiative
(WPI), MEXT, Japan.
A Resonance enhancement and cancellation
We here show that if both the DM and the excited state are Majorana particles and degenerate
in mass, one cannot obtain the resonance enhancement but the “resonance cancellation”
instead. So it is not capable of achieving the required large cross-section for the X-ray line.
For demonstration, we use the following two types of interactions, the vector current and
axial-vector current, for purely Dirac and Majorana DM:
LM ⊃
2∑
i=1
gXχ
†
i σ¯
µχiXµ,
LD ⊃
2∑
i=1
gX ψ¯iγ
µψiXµ, (A.1)
where i = 1 (2) corresponds to DM (excited state) with χ (ψ) referring to a Majorana (Dirac)
particle.
In the vicinity of the resonance (2mχ(ψ)1 ∼ mX) and the low DM velocity v  c, the
resulting cross-sections for χ1χ1 → χ2χ2 and ψ¯1ψ1 → ψ¯2ψ2 through the current interac-
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tions read
(σv)χ1χ1→χ2χ2 ∼
(
m8χ1 −m6χ1m2χ2
)
v2 + 12m4χ1m
2
χ1 (mX − 2mχ1)2
m4X
((
s−m2X
)2
+ Γ2Xm
2
X
) ,
(σv)ψ¯1ψ1→ψ¯2ψ2 ∼
2m4ψ1 +m
2
ψ1
m2ψ2((
s−m2X
)2
+ Γ2Xm
2
X
) , (A.2)
where we have suppressed coupling constants and coefficients from the phase space integral
and kinematics. For the Majorana case, the first term in the numerator is double suppressed
because of v  1 and mχ1 ' mψ2 and the second term becomes small in the vicinity
of the resonance. In contrast, in the Dirac case the numerator is unsuppressed, which is
characteristic of S-wave. In figure 11, we show the comparison between the two cases, in
which we assume a 3.5 keV mass splitting between the DM and the excited state, ΓX =
mX
10 = 10 GeV, and v ∼ 3× 10−3 c. It is clear that the pure Majorana case has the resonance
“cancellation” instead of enhancement while the S-wave Dirac case features the resonance
behavior as expected.
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